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The conformational state of a series of non-cross-linked and cross-linked poly(alkylmethyldiallylam-
monium bromides) bearing decyl, octyl, and hexyl side chains ((CL)-CopolC1-10, (CL)-CopolC1-8, and
(CL)-CopolC1-6, respectively) in aqueous solutions were investigated by fluorescence spectroscopy using
pyrene as a probe. Photophysical studies show that the conformational transition of random coil non-
cross-linked and cross-linked copolymers to compact coils is strongly side chain length dependent. (CL)-
CopolC1-10 with sufficient n-decyl side chains was found to form hydrophobic microdomains in compact
coil conformations in aqueous solution. Much less efficient intramolecular micellization was observed for
(CL)-CopolC1-8 in a similar concentration range. No conformational transition to compact coils was
found in the case of (CL)-CopolC1-6 as indicated by the absence of pyrene binding to the macromolecule.
The presence of sodium bromide facilitates the formation of compact coil conformations for (CL)-CopolC1-
10 in aqueous solution. There are significant effects of side chain length and alkyl group content on the
critical aggregationconcentration (cac). Thecac for (CL)-CopolC1-10 inaqueoussolutiondecreasedstrongly
with increasing totalhydrophobicity of then-decyl side chains in thepolysoaps. The cross-linked copolymers
CL-CopolC1-10 exhibited lower cac’s than the corresponding non-cross-linked copolymer analogues. A




(“polysoaps”)have recentlybecome thesubject of extensive
research.1-10 The wide interest in macromolecules with
various hydrophobic functionalities has led to the prepa-
ration of a range of hydrophobically-modified polyelec-
trolytes which have been shown to possess interesting
properties inavariety of fields, e.g., catalysis.6-10 A family
of novel non-cross-linked and cross-linked poly(alkyl-
methyldiallylammonium halides) containing dodecyl, de-
cyl, octyl and hexyl side chains ((CL)-CopolC1-12, (CL)-
CopolC1-12-Cl, (CL)-CopolC1-10, (CL)-CopolC1-8, and
(CL)-CopolC1-6, respectively) provides convenient sys-
tems to study the role of electrostatic and hydrophobic
interactions relevant for adsorption of molecules at
hydrophobic/hydrophilic interfaces and the factors that
control the reactions between these adsorbedmolecules.8-14
Both (CL)-CopolC1-12 and (CL)-CopolC1-12-Cl induce
huge rate enhancements for the unimolecular decarboxy-
lation of 6-nitrobenzisoxazole-3-carboxylate anion (6-
NBIC) in aqueous solution. Polysoaps with chloride
counterions ((CL)-CopolC1-12-Cl) are more efficient
catalysts for the decarboxylation of 6-NBIC than the
corresponding polysoapswith bromide counterions ((CL)-
CopolC1-12) most likely due to the smaller chloride
counterion binding at the periphery of the hydrophobic
microdomains leading to increased initial state destabi-
lization.8,9 (CL)-CopolC1-10 induces a remarkably large
rate acceleration for the decarboxylation of 6-NBIC,
whereas (CL)-CopolC1-8 induces only modest rate en-
hancements and a small rate enhancement is observed
for (CL)-CopolC1-6.10 Polysoaps cross-linked by a small
amount of N,N′-methylenebis(acrylamide) as a cross-
linking agent have been found to exhibit higher catalytic
activities than the corresponding non-cross-linked co-
polymer analogues.8-10 Recently, we described the syn-
thesis of hydrophobically-modified polyacrylamides with
n-dodecylmethyldiallylammonium bromide (Copol(AM-
C12)) and their catalytic effects on the unimolecular
decarboxylation of 6-NBIC in aqueous solution.12 The
decarboxylation rate of 6-NBIC was found to be signifi-
cantly retarded by intermolecular hydrogen bonding of
the macromolecules to the carboxylate functionality of
6-NBICatbinding sites in thehydrophobicmicrodomains.
Photophysical studies haveprovided strong evidence that
(CL)-CopolC1-12 and (CL)-CopolC1-12-Cl possess simi-
lar aggregate properties in aqueous solution as a result
of intra- and intermolecular hydrophobic interactions
between the alkyl side chains.13,14
Herein we report a detailed characterization of the
aggregation behavior for a family of non-cross-linked and
cross-linkedpoly(alkylmethyldiallylammoniumbromides)
containing decyl, octyl, and hexyl side chains (Scheme 1)
in aqueous solution by fluorescence probing. The critical
aggregation concentration (cac) is dependent on the alkyl
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chain length and the alkyl group content and is signifi-
cantly influencedby the content of the cross-linking agent
in the copolymers. A minimum in the cac for (CL)-
CopolC1-10 in aqueous solution is observed at about
0.20% (w/w) cross-linking agent, which coincides with a
maximum catalytic efficiency for the unimolecular de-
carboxylation of 6-NBIC in aqueous solution.8,10
Experimental Section
Non-Cross-Linked and Cross-Linked Copolymers and
Reagents. The synthesis of the non-cross-linked and cross-
linked poly(alkylmethyldiallylammonium bromides) having de-
cyl, octyl, and hexyl side chains has been reported previously.10
Their compositions and the nomenclature used are shown in
Table 1. Aqueous solutions of the copolymers were prepared in
double-distilled water. The copolymer concentrations are ex-
pressed in unit mol L-1. Pyrene was the same as that used in
the previous investigation.13 Sodium bromide (Janssen) was a
commercial compound of reagent grade.
Fluorescence Spectroscopy. Fluorescence spectra of pyrene
solubilized in the copolymer solutions were recorded with an
SLM-Aminco SPF-500 spectrophotometer equipped with a ther-
mostated cell holder at 25 °C. The stock solution of pyrene (2.0
 10-6M)wasmadeup in double-distilledwater. The excitation
wavelength was 335 nm. The emission spectra were recorded
from 360 to 390 nm. The emission bandpass was 5 nm. The
ratio I1/I3 of the fluorescence intensities of the first and third
vibronic peaks was then calculated, which provides a measure
for the polarity of the microenvironment of pyrene at binding
sites in hydrophobic microdomains.
Results and Discussion
HydrophobicMicrodomainsofNon-Cross-Linked
and Cross-Linked Copolymers. Fluorescence probes
like pyrene have been widely used to probe the micro-
structureof various typesofhydrophobically-modified (co)-
polymers and to study the interactions between polymers
and conventional surfactants in aqueous solutions. The
vibrational structure of the fluorescence bands of pyrene
is known to be sensitive to the local polarity of the
microenvironment at the binding sites.23-25 The pyrene
fluorescence spectrum in aqueous solution of polysoaps
has provided particularly valuable information on the
conformational state of the macromolecules in aqueous
solution.13,18 In these studies, the ratio I1/I3 of the
intensities of the first and third vibronic peaks, which
decreases with decreasing polarity of the binding sites in
the polysoaps, has been taken as a sensitive indicator for
the micropolarity of the pyrene microenvironment.26-28
In the hydrophobically associating polymers the hydro-
phobic microdomains, like micelles formed by ordinary
surfactants, provide sites for solubilization of the hydro-
phobic molecule pyrene causing the decrease in the ratio
I1/I3. Such solubilization sites are absent in the polymer
solutions comprised of poly(dimethyldiallylammonium
bromide).13 In order to avoid the formation of pyrene
excimers, lowpyrene concentrations (2.010-6M) should
be used. Relevant plots of the fluorescence ratio I1/I3 vs
copolymer concentrations as a function of n-decyl group
content for the polysoaps CL-CopolC1-10 are presented
in Figure 1. At low concentrations, all CL-CopolC1-10
copolymers showahigh I1/I3 similar to that in purewater,
indicating that pyrene is neither associated with nor
solubilized in the CL-CopolC1-10macromolecules but is
solubilized in the aqueous phase. A sudden and large
decrease of the ratio I1/I3 is observed upon further
increasing the copolymer concentration. These low I1/I3
values are indicative for binding of pyrene at binding sites
located in a relative nonpolar microenvironment in the
hydrophobic microdomains. The final magnitude of I1/I3
upon complete binding of pyrene to the hydrophobic
microdomains decreases with an increase in the n-decyl
group content, revealing that the micropolarity at the
different binding sites is dependent on the aggregate
structure of CL-CopolC1-10 in aqueous solution. The
polysoap CL-CopolC1-10(6) which possesses the highest
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Scheme 1
Table 1. Compositions of
Poly(alkylmethyldiallylammonium bromides)
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numberof decyl side chainsprovides themosthydrophobic
environment for pyrene at its binding sites in aqueous
solution. The intramolecular micellization of CL-Co-
polC1-10(3) is clearly less effective than that of CL-
CopolC1-10(5) and CL-CopolC1-10(6) due to reduced
hydrophobic association.
Figure 2 shows plots of the fluorescence ratio I1/I3 vs
copolymer concentrationsasa functionof the cross-linking
agent content for CL-CopolC1-10. Apparently, CL-
CopolC1-10(2) provides the most hydrophobic environ-
ment for pyrene at its binding sites in aqueous solution
as compared with that of CopolC1-10(1), CL-CopolC1-
10(3), andCL-CopolC1-10(4), indicating that thepresence
of only a small amount of cross-linking in the macromol-
ecules leads tomost efficient intramolecularmicellization.
This resultmaybe attributed to increased intramolecular
hydrophobic interactions in the macromolecules for the
copolymerswithasmallamountof cross-linking. However
the aggregation tendency is counteracted by a drastically
reduced macromolecular flexibility in the case of exces-
sively cross-linked copolymers leading to less efficient
intra- and intermolecular aggregation. It is noted that
theshapeof thecurves forall thepolysoaps (CL)-CopolC1-
10 (Figures 1 and 2) is practically the same, indicative for
similar cooperativities in the formation of intra- and
intermolecular aggregates in these systems.
The plots of the fluorescence ratio I1/I3 vs copolymer
concentration represent binding isotherms of pyrene to
the hydrophobic microdomains for the non-cross-linked
and cross-linked copolymers.13 The data given in Figure
1 and Figure 2 are rationalized by assuming that pyrene
is completely solubilized in hydrophobic regions formed
by the aggregates of non-cross-linked and cross-linked
copolymers at concentrations above the cac. On the basis
of this approach, the cac and the calculated ¢GA, the
change in Gibbs energy involved in the formation of the
compact coil conformation, are presented in Table 2. The
Gibbs energy change for the transfer of 1 mol of polysoap
from solution to the aggregated phase, ¢GA, is given by
¢GA ) RT ln(cac). The absolute value of ¢GA for CL-
CopolC1-10(6) is the largest, indicating a greater driving
force for intramolecular and intermolecular aggregation
than that for the other copolymers.
The fluorescence probing results for (CL)-CopolC1-8
in aqueous solution as a function of copolymer concentra-
tion are shown in Figure 3. At quite high copolymer
concentrations, only amodest decrease of the fluorescence
ratio I1/I3 is observed and no steady value in the ratio I1/I3
is reached in the concentration range investigated. The
pyrene experiences only a modest hydrophobic environ-
ment in aqueous solutions of (CL)-CopolC1-8, indicating
that no extensive hydrophobic microdomains are formed
inaqueous solution. Figure 4 shows similar data for (CL)-
CopolC1-6 in aqueous solution as a function of copolymer
concentration. There is clearly no sharp transition in the
ratio I1/I3 at a critical copolymer concentrationas observed
in the case of (CL)-CopolC1-10. Onlyweakly cooperative
and small decreases in the ratio I1/I3 are observed,
indicative of the absence of significant intramolecular
micelle formation. Table 3 summarizes the results of the
fluorescence experiments, and the ratio I1/I3 of pyrene at
high copolymer concentrations is given for all (CL)-
CopolC1-10, (CL)-CopolC1-8, and (CL)-CopolC1-6 mac-
romolecules in aqueous solution. We contend that in the
series of non-cross-linked and cross-linked copolymers
solely (CL)-CopolC1-10withsufficientn-decyl side chains
Figure 1. Effect of n-decyl group content on the ratio I1/I3 of
pyrene fluorescence in aqueous solutions of CL-CopolC1-10 at
25 °C: 4, CL-CopolC1-10(3); 1, CL-CopolC1-10(5); 3, CL-
CopolC1-10(6).
Figure 2. Effect of cross-linking agent content on the
fluorescence ratio I1/I3 of pyrene in aqueous solutions of CL-
CopolC1-10 at 25 °C: 0, CL-CopolC1-10(4); 3, CopolC1-10-
(1); 4, CL-CopolC1-10(3); 1, CL-CopolC1-10(2).
Table 2. The cac and ¢GA for Non-Cross-Linked and
Cross-Linked Polysoaps in Aqueous Solution at 25 °C
polysoap cac,a M ¢GA,b kcal mol-1
CopolC1-10(1) 6.76  10-3 -2.96
CL-CopolC1-10(2) 4.16  10-3 -3.25
CL-CopolC1-10(3) 5.37  10-3 -3.09
CL-CopolC1-10(4) 1.02  10-2 -2.72
CL-CopolC1-10(5) 1.45  10-3 -3.87
CL-CopolC1-10(6) 8.32  10-4 -4.20
a cac, the critical aggregate concentrationof polysoaps inaqueous
solution, see text. b Gibbs energy for microdomain formation
calculated from ¢GA ) RT ln(cac), T ) 298 K.
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efficiently forms hydrophobic microdomains in compact
coil conformations in aqueous solution. This conclusion
is consistent with previous UV spectroscopic and kinetic
results.10
The conformational state of (CL)-CopolC1-10 in aque-
ous solution is also influenced by the ionic strength. A
typical experimental result is presented inFigure5,which
shows the effect of added sodium bromide on the fluo-
rescence ratio I1/I3 of pyrene in aqueous solutions of CL-
CopolC1-10(5). The variation of the initial plateauvalue
of I1/I3 before a rapid decrease sets in is particularly
instructive. This plateau value in the presence of small
concentrations of sodium bromide is close to that found
inpurewaterbut is significantlydecreasedwith increasing
concentration of sodium bromide at low copolymer con-
centration. Apparently, CL-CopolC1-10(5) provides a
more hydrophobic microenvironment for pyrene binding
in thepresence of sodiumbromide. Thismaybe explained
by assuming that addition of sodium bromide causes
contraction of the expanded macromolecules at low
concentrations by suppression of Coulombic repulsions
between the ionic groups,29,30 which facilitates the in-
(29) Strauss, U. P.; Gershfeld, N. L.; Crook, E. H. J. Phys. Chem.
1956, 60. 577.
(30) Dubin, P. L.; Strauss, U. P. J. Phys. Chem. 1970, 74, 2842.
Figure3. Intensity ratio I1/I3 of pyrene fluorescence inaqueous
solution in the presence of CL-CopolC1-8 as a function of
concentration at 25 °C: 0, CL-CopolC1-8(5);b, CL-CopolC1-
8(4); 3, CopolC1-8(1); 1, CL-CopolC1-8(2).
Figure4. Intensity ratio I1/I3 of pyrene flurescence in aqueous
solution in the presence of CL-CopolC1-6 as a function of
concentration at 25 °C: b, CL-CopolC1-6(5);1, CL-CopolC1-
6(3); 3, CL-CopolC1-6(6).
Table 3. Pyrene Fluorescence in Aqueous Solutions of





CopolC1-10(1) 2.0  10-2 1.61
CL-CopolC1-10(2) 2.0  10-2 1.60
CL-CopolC1-10(3) 2.0  10-2 1.61
CL-CopolC1-10(4) 2.0  10-2 1.62
CL-CopolC1-10(5) 2.0  10-2 1.54
CL-CopolC1-10(6) 2.0  10-2 1.52
CopolC1-8(1) 4.0  10-2 1.74
CL-CopolC1-8(2) 4.0  10-2 1.73
CL-CopolC1-8(3) 4.0  10-2 1.73
CL-CopolC1-8(4) 4.0  10-2 1.75
CL-CopolC1-8(5) 4.0  10-2 1.80
CopolC1-6(1) 8.0  10-2 1.81
CL-CopolC1-6(2) 8.0  10-2 1.81
CL-CopolC1-6(3) 8.0  10-2 1.79
CL-CopolC1-6(4) 8.0  10-2 1.80
CL-CopolC1-6(5) 8.0  10-2 1.82
CL-CopolC1-6(6) 8.0  10-2 1.75
a Pyrene, 2.0  10-6 M.
Figure 5. Effect of various concentrations of sodium bromide
on the fluorescence ratio I1/I3 of pyrene in aqueous solution of
CL-CopolC1-10(5) as a function of polysoap concentration at
25 °C: 1, in the absence of NaBr; 3, in the presence of 0.01 M
NaBr; 4, in the presence of 0.1 M NaBr; 0, in the presence of
1.0 M NaBr.
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tramolecular aggregation ofn-decyl side chains. Aqueous
solutions of CL-CopolC1-10(5) at concentrations above
1.0  10-3 unit mol L-1 become turbid when the sodium
bromide is increased beyond 1.0 mol L-1. The small
changes in the fluorescence ratio I1/I3 of pyrene at higher
concentrations of CL-CopolC1-10(5) probably indicate
that pyrene binds into the interior of the microdomains
where the fluorescence spectrum of the probe is hardly
influenced by the presence of added electrolytes.13,14
CriticalAggregationConcentrationofNon-Cross-
Linked and Cross-Linked Copolymers. In aqueous
solutions of (CL)-CopolC1-10, there is a sharp decrease
in the fluorescence ratio I1/I3 of pyreneoveranarrowrange
of copolymer concentrations (Figure 1 and Figure 2). The
ratio I1/I3 in copolymer solutions reaches a steady value
at a copolymer concentration which may be termed the
critical aggregate concentration (cac).13,16 At the cac, the
hydrophobic microdomains in aqueous solutions of poly-
soaps are fully formed and completely bind strongly
hydrophobic cosolutes such as pyrene. (CL)-CopolC1-8
and (CL)-CopolC1-6 exhibit no steady I1/I3 value with
increasing copolymer concentration owing to the absence
of efficient formation of hydrophobic microdomains in
aqueous solution. Therefore, in this case, the cac cannot
be obtained from the fluorescence spectroscopic results.
Figure 6 shows a plot of the cac for CL-CopolC1-10 in
aqueous solution vs the n-decyl group content. As
anticipated for hydrophobic interactions being the main
driving force for the formationof thehydrophobicdomains,
the cac decreases strongly with increasing n-decyl group
content. CL-CopolC1-10(6) shows the lowest cac as a
result of largest total hydrophobicity of the n-decyl side
chains in the macromolecules. Figure 7 shows the cac
plotted against the content of cross-linkingagent for (CL)-
CopolC1-10 in aqueous solution. The results reveal that
the cross-linking agent content significantly affects the
cac for (CL)-CopolC1-10 inaqueous solution. Aminimum
of the cac for (CL)-CopolC1-10 was observed at about
0.20% (w/w) cross-linking agent content, which is con-
sistentwith the observedmaximum in catalytic efficiency
for the unimolecular decarboxylation of 6-NBIC by CL-
CopolC1-10 in aqueous solution.8,10 This pleasing con-
sistency provides strong evidence that the presence of a
small amount of cross-linking in (CL)-CopolC1-10 leads
to more efficient intramolecular micellization in aqueous
solution.
Conclusions
The present work reports detailed fluorescence studies
on aggregate behavior of a series of non-cross-linked and
cross-linkedpoly(alkylmethyldiallylammoniumbromides)
havingdecyl, octyl, andhexyl side chains ((CL)-CopolC1-
10, (CL)-CopolC1-8, and (CL)-CopolC1-6, respectively)
in aqueous solutions using pyrene as a probe. The
conformational transition of the copolymers to compact
coils is strongly dependent on the alkyl side chain length.
(CL)-CopolC1-10withsufficientn-decyl side chains forms
hydrophobicmicrodomains in compact coil conformations
in aqueous solution. (CL)-CopolC1-8 exhibitsmuch less
efficient intramolecularmicellization. No conformational
transition to compact coils is observed for (CL)-CopolC1-6
in aqueous solution. The critical aggregation concentra-
tion (cac) clearly depends on the number and length of the
macromolecular chains. The cac for (CL)-CopolC1-10 in
aqueous solution decreases stronglywith increasing total
hydrophobicity of the n-decyl side chains in the macro-
molecules. Thecross-linkingagentwasalso foundtoaffect
significantly the cac of (CL)-CopolC1-10 and aminimum
of the cac for (CL)-CopolC1-10 in aqueous solution was
observed at about 0.20% (w/w) cross-linking agent.
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Figure 6. Effect of n-decyl group content on the cac for CL-
CopolC1-10 containing 0.40% (w/w) of cross-linking agent in
aqueous solution at 25 °C.
Figure 7. Effect of cross-linking agent content on the cac for
(CL)-CopolC1-10 (x/y, 89/11) in aqueous solution at 25 °C.
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